Abstract: Airflow behavior and indoor/outdoor PM 2.5 dispersion in different building-tree grouping patterns depend significantly on the building-tree layouts and orientation towards the prevailing wind. By using a standard k-ε model and a revised generalized drift flux model, this study evaluated airflow fields and indoor/outdoor relationships for PM 2.5 resulting from partly wind-induced natural ventilation in four hypothetical building-tree grouping patterns. Results showed that: (1) Patterns provide a variety of natural ventilation potential that relies on the wind influence, and buildings that deflect wind on the windward facade and separate airflow on the leeward facade have better ventilation potential; (2) Patterns where buildings and trees form a central space and a windward opening side towards the prevailing wind offer the best ventilation conditions; (3) Under the assumption that transported pollution sources are diluted through the inlet, the aerodynamics and deposition effects of trees cause the lower floors of a multi-storey building to be exposed to lower PM 2.5 compared with upper floors, and lower indoor PM 2.5 values were found close to the tree canopy; (4) Wind pressure differences across each flat showed a poor correlation (R 2 = 0.059), with indoor PM 2.5 concentrations; and (5) Patterns with the long facade of buildings and trees perpendicular to the prevailing wind have the lowest indoor PM 2.5 concentrations.
Introduction
With the rapid development of urbanization, particulate matter (PM) pollution, especially types with an aerodynamic diameter of less than 2.5 µm (PM 2.5 ), has led to a dramatic decline in urban air quality. PM 2.5 pollution has been confirmed to have a close relationship with the human respiratory system, resulting in cardiopulmonary system damage and high incidences of cancer [1] . In addition, a nationally representative survey of communities, families, and individuals in China showed that air pollution reduced hedonic happiness and raised the rate of depression symptoms [2] . In built environments, outdoor-generated particles are major contributors to indoor pollution, without strong internal pollution sources [3] [4] [5] [6] . Since most people spend approximately 85-90% of their time indoors, determining the relationships between outdoor particle sources and the corresponding indoor concentrations are especially significant when measuring particulate concentrations in occupied residences [7] .
Natural ventilation is extensively used to provide better indoor air quality without using electricity [8] . Some knowledge of the relationships between wind velocity, wind direction, and ventilation characteristics is needed to ventilate naturally [9] . In addition to the types of natural vents, the outdoor Figure 1 . Illustration of building-tree grouping patterns modeled in this study. Configuration 1 is the parallel rows; Configuration 2 is the internal T; Configuration 3 is staggered; Configuration 4 is the peripheral array.
The CFD Code

Simulation Models
Parabolic Hyperbolic or Elliptic Numerical Integration Code Series (PHOENICS) was used in this study as a three-dimensional simulation tool, and the standard k-ε model was selected. The SemiImplicit Method for Pressure-Linked Equations (SIMPLE) algorithm with the Quadratic Upstream Interpolation for Convective Kinematics (QUICK) discretization scheme is applied to all governing equations except the concentration equation [48] , for which a Sharp and Monotonic Algorithm for Realistic Transport (SMART) scheme is adopted to avoid negative concentrations near sources. The simulation process was facilitated by the use of an i7 2.67 GHz processor, while, the PHOENICS 2009 program was used to process the solution.
In this model, vegetation is described as a porous medium with branches and truck comprising the canopy. The influence of vegetation on the flow field was to decrease air velocity by exerting drag forces and pressure, and the canopy elements that reduced air velocity created additional turbulence levels [49] . The consequent effects of vegetation on turbulent flow fields were modeled, and drag forces were included in the momentum equations. Additional source terms were also included in transport equations for turbulent kinetic energy, k, and its dissipation rate, ɛ. Turbulence production and accelerated turbulence dissipation within the canopy were accounted for by the additional turbulence source terms [50] .
Flow resistance, which is generated by turbulent flow through the plant canopy, is represented by introducing the following sink term into the momentum equations:
where Cd is the drag coefficient, α(z) is the leaf area density (LAD) (m 2 /m 3 ), z is the vertical space coordinate, |U| is the magnitude of the superficial velocity vector, and ui is the superficial value of the Cartesian velocity in the direction i (m/s).
Vegetation density is characterized by the integral value of leaf area density. The integral value is determined by the leaf area index (LAI), which is defined by the following equation:
where h is the average height of the canopy. 
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In this model, vegetation is described as a porous medium with branches and truck comprising the canopy. The influence of vegetation on the flow field was to decrease air velocity by exerting drag forces and pressure, and the canopy elements that reduced air velocity created additional turbulence levels [49] . The consequent effects of vegetation on turbulent flow fields were modeled, and drag forces were included in the momentum equations. Additional source terms were also included in transport equations for turbulent kinetic energy, k, and its dissipation rate, ε. Turbulence production and accelerated turbulence dissipation within the canopy were accounted for by the additional turbulence source terms [50] .
where C d is the drag coefficient, α(z) is the leaf area density (LAD) (m 2 /m 3 ), z is the vertical space coordinate, |U| is the magnitude of the superficial velocity vector, and u i is the superficial value of the Cartesian velocity in the direction i (m/s). Vegetation density is characterized by the integral value of leaf area density. The integral value is determined by the leaf area index (LAI), which is defined by the following equation:
Atmosphere 2018, 9, 39 5 of 23 (2) where h is the average height of the canopy. The turbulent interactions between the plant canopy and airflow, including the following additional source terms in the transport equations for k and ε, are described as:
where the constant β p is the fraction of mean-flow kinetic energy converted to wake-generated k by canopy drag, and β d is the fraction of k dissipated by the Kolmogorov energy cascade short-circuiting. In this study, the constants β p and β d , and the closure constants C 4ε and C 5ε are given the values 1.0, 3.0, 1.5, and 1.5, respectively [51] [52] [53] .
To model the particle dispersion procedure, the revised generalized drift flux model, which was modified from the Eulerian model by adding additional terms for particle absorption and the resuspension by trees, was used [54] . In the model, particles are treated as a continuum, and particle movements are assumed to not affect turbulence. The convective velocity of the particle phase is assumed to be the same as the airflow, which has been widely used in recent studies [55] [56] [57] , and greatly reduced the complexity of the two-phase flow simulation. The model is expressed as follows:
The additional terms S sink and S resuspension are calculated as:
where V j is the spatial mean fluid (air) velocity (m/s); V slip,j is the gravitational settling velocities of particlesin jdirection (m/s); C is the inlet concentration (µg/m 3 ); ε p is the eddy diffusivity (m 2 /s); S c is the generated rate of the pollution source (kg/(m 3 ·s)); S sink is the mass of particles absorbed per unit vegetation volume per unit time (µg/m 3 ); S resuspension is the secondary pollutants from foliage per unit vegetation volume per unit time (µg/m 3 ) [58] ; V d is the particle deposition velocity on plant foliage (m/s); V r is the particle resuspension velocity from plant foliage (m/s); C sink is the particle concentration deposited on plant foliage (µg/m 3 ); and α is LAD (m 2 /m 3 ).
Model Validation
To validate models against the wind tunnel dataset issued by the Laboratory of Building and Environmental Aerodynamics at the Karlsruhe Institute of Technology (KIT) [59] , models of street canyons with two rows of avenue trees were built and set according to the wind tunnel model represented. The height, width, and length of street canyons in the model were H, 2H, and 10H, respectively. H is equal to 18 m. The tree canopy was 7.56 m wide (0.42H), 12 m high (2/3H), and 180 m (10H) long. They were planted 5.22 m (0.29H) away from street canyons. Traffic exhaust sources were placed in two rows along the street. Based on literature sources [60] , the distance from inlet to windward building, from downwind building to outlet, and from buildings to both boundaries were set to 5H, 20H, and 9H, respectively. The height of the domain was 11H. The grid in the target area consisted of elements with X min = Y min = Z min = 0.028H, and grid independence evaluated by the grid convergence index (GCI) showed that the GCI value was 2.53% (less than 5%), demonstrating that the used grid arrangement was fine enough [61] . Boundary conditions were set according to wind tunnel experiments [62] .
Since the models should be verified against experimental data, the simulated parameters should be selected considering the Concentration Data of Street Canyons (CODASC) wind tunnel experiments. In the wind tunnel tests, trees were modeled with porous media with different porosities, and the deposition effect was not considered. The different porosity was described by the pressure loss coefficient C x . The C x in the CODASC wind tunnel models were 80 and 200 m −1 with trees, representing 0.53 and 1.33 m −1 at a scale of 1:150, respectively. Correspondingly, simulation models set additional terms (S sink and S resuspension ) to zero, and the C x = 1.33 m −1 was selected to compare the simulated data with scenarios in CODASC wind tunnel experiments. To obtain comparable results, vertical concentrations 0.75 m from both walls in the street canyon were measured in the simulation. Figure 2 shows the scatter plots of C x = 1.33 m −1 . It can be seen that there were strong correlations between the simulated and wind tunnel data (R 2 = 0.926 in wall A and R 2 = 0.991 in wall B). According to Hanna and Chang [63] , a set of acceptance criteria: −0.3 < FB < 0.3, NMSE < 1.5, 0.5 < FAC2 < 2, NAD < 0.3, and R > 0.8 was recommended for further analysis. All of the metrics are within acceptance ranges, indicating the numerical models were suitable for predicting the airflow and pollutant dispersion within the street canyon (Table 1) .
Additionally, the implemented models have been validated by the author in a previous study that compared simulated and measured data from a residential district in Beijing [64] . Parameters including wind velocity and PM 2.5 concentrations were compared, and the results showed high correlations (R 2 = 0.910 for wind velocity, and R 2 = 0.906 for PM 2.5 concentrations), indicating that the models accurately represented the real environment.
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Domain Size and Grid Independence Testing
To match published recommendations [14, 48] , the distance of the computational domain inlet to the target area was set to 5H, and the outlet boundary was set 15H distant from the target area. A symmetry condition was imposed at the left and right lateral sides of 5H, and the height from the ground to the top plane was set to 11H (Figure 3) . A mesh size was set using a horizontal and vertical hierarchy to ensure reasonable file sizes and computing time. To achieve this, a tetrahedral meshing 
To match published recommendations [14, 48] , the distance of the computational domain inlet to the target area was set to 5H, and the outlet boundary was set 15H distant from the target area. A symmetry condition was imposed at the left and right lateral sides of 5H, and the height from the ground to the top plane was set to 11H (Figure 3) . A mesh size was set using a horizontal and vertical hierarchy to ensure reasonable file sizes and computing time. To achieve this, a tetrahedral meshing scheme was used. Based on European Cooperation in Science & Technology (COST) recommendations, more than 10 cells per cube root of the building volume must be set as the mesh size [48] . Considering the inputs of this study, a mesh size larger than 1.5 × 10 6 has been maintained to ensure a higher resolution, and three different grid sizes were tested by grid convergence index (GCI) to validate the grid independency of the numerical simulation, following the procedures proposed by Hefny and Ooka [65] (Table 2 ). Tests indicated that the GCI (u) for coarse and fine meshes differed by 2.72%, whereas those for fine and finest mesh differed by 2.61%. The GCIs (u) differences were all less than 5%, which indicated that fine meshes were sufficient. Element dimensions were selected as X min = Y min = Z min = 0.05H to assure rational file sizes and save computation time.
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Boundary Conditions and Turbulence Model
The boundary conditions implemented in this study were simply velocity inlet and outflow. As no internal pollution sources in the target area was assumed, PM2.5 sources were transported by wind from outside of the target area [64] . Thus, the source of PM2.5 was added through the inlet, and the concentration was evenly distributed throughout the entire inflow boundary. The gradient wind was set as the velocity inlet boundary, and expressed as:
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The boundary conditions implemented in this study were simply velocity inlet and outflow. As no internal pollution sources in the target area was assumed, PM 2.5 sources were transported by wind from outside of the target area [64] . Thus, the source of PM 2.5 was added through the inlet, and the concentration was evenly distributed throughout the entire inflow boundary. The gradient wind was set as the velocity inlet boundary, and expressed as:
where u(z) is the horizontal air velocity at the height z; and u 0 is the horizontal air velocity at a reference height of z 0 . In the model, u 0 = 2.3 m/s, z = 1.5 m, and z 0 = 10 m. α is set to 0.25 [66] .
To model the outflow boundary, a fixed pressure and zero gradients were specified. The lateral planes were regarded as symmetry boundaries. For the ground boundary, a fully rough wall function with a surface roughness of 0.495 m (0.0275H) was implemented. Moreover, the constant horizontal velocity and turbulent kinetic energy were fixed for the top boundary according to the inflow profiles.
The turbulent kinetic energy, k (m 2 /s 2 ), and its dissipation rate, ε (m 2 /s 3 ), were determined as follows:
where u * is the friction velocity, which is set as 0.52 m/s,δ is the boundary layer depth, and k is the von Kàrmàn constant, which is set as 0.4. The constant C µ is set as 0.09. There are several specification methods for the turbulence parameters, including turbulence intensity and length scale, which can be calculated independently from the transport equations. Based on the Reynolds number of the case, the turbulence intensity is determined to be 10%, and the length scale simply equals 0.06l, where l is the inlet height in this study.
Convergence Criteria
Based on the recommendation of COST Action 732 [48] , a convergence of scaled residuals down to 10 −5 was adopted as criteria to examine the results with the main output parameters monitored. In this study, the average wind pressure on building facades, and airflow velocity at the pedestrian level (1.5 m height), were selected for soughting. These results were monitored in different convergence criteria, starting with larger residuals convergence criteria 10 −3 up to 10 −6 . There was no significant difference in results in the case of using 10 −6 convergence criteria compared to 10 −5 , indicating that the solution converged.
Simulation Target
Wind-induced ventilation depends strongly on the pressure distribution on building facades, and it is significantly affected by the upstream building characteristics and the prevailing wind [67] . Wind pressure is the main natural ventilation driving force in Beijing. It is normally positive on the windward facades, but negative on the roof and leeward facade, due to boundary layer separation occurring by a building's edges. Based on Bernoulli's principle, the wind pressure is defined by:
where P w is the wind pressure (Pa); K is the static pressure coefficient; ρ is the reference air density (Kg/m 3 ); and V is the time-mean wind speed at datum level (m/s).
In this study, each building was six storeys high, and each storey was divided into four flats (a, b, c, and d). The wind pressure differences across flat facades were calculated, and the natural ventilation potential across each flat was evaluated by the resulting average wind pressure difference across each flat. These were achieved by the following procedures for each case:
(1) Average wind pressure of each building façade was recorded.
Atmosphere 2018, 9, 39 9 of 23 (2) Pressure differences across flats a to d in each building were computed (Tables 3-6) . (3) Contours of wind velocity and streamlines at the pedestrian level, and contours of wind velocity and streamlines in sections A-A' and B-B' were also presented for better understanding the surrounding wind environment.
The indoor PM 2.5 concentration can be calculated as:
where C indoor and C outdoor are the mean concentrations indoors and outdoors; and U i and RH i are the outdoor wind velocity (m/s) and relative humidity (%) under the steady state i, respectively. A is the permeability coefficient of an exterior window crack. B and C represent the correction coefficients for outdoor wind velocity and relative humidity. Based on a previous study, the factors A, B, and C are set as 0.5719, −0.1825, and 0.1622, respectively, given weather conditions in Beijing [38] . Equation (12) has been validated by a monthly measured data in February 2014 in Beijing, and the predicted indoor PM 2.5 agreed well with the monitored indoor data (R 2 = 0.95) [38] . Hence, this equation proved to be an effective and feasible mathematical model to predict indoor PM 2.5 in a naturally ventilated building with windows closed. To achieve the prediction of outdoor and indoor PM 2.5 concentrations, the following procedures were implemented for each examined case:
(1) Outdoor vertical PM 2.5 concentrations were measured 0.5 m from the building facade. This was done for each of the four buildings. (2) Indoor concentrations across flats a to d in each building can be computed by Equation (12), as presented in Tables 7-10 . (3) Contours of pedestrian level PM 2.5 concentrations, and PM 2.5 dispersion in vertical level were also presented to understand the vertical PM 2.5 concentrations (Figures 8-11 ).
Results and Discussion
Analysis of Outdoor Wind Environment
Configuration 1
The velocity contours and streamline distributions at the pedestrian level (Z = 1.5 m), average wind pressure on facades, and wind pressure difference across flats in configuration 1 are presented in Table 3 . In the 360 • wind direction scenario, the outdoor airflow largely passed through the narrow space between two gable walls where the greatest wind speed occurred. Velocities suddenly increase at the leading sharp edge. The central space between two rows generated large vortexes and significant reversed-airflows. Vortexes at the two flanks were stronger than in the center. Due to the shading of windward buildings, the central space experienced low airflow movement. Meanwhile, streamlines converged at the space between two gables of leeward buildings, and the velocity increased in the convergence region. Wind speed decreased noticeably within trees, and the minimum speed occurred at the point where the trees were planted and vortexes arose (Figure 4a ).In the 270 • wind direction scenario, the airflow crossed over simulation fields easily from short facades without impediment. It appeared that the high wind speed in the wind corridor and the windward sharp edge had a rapidly increasing velocity. Vortexes arose mainly within trees with decreasing wind speed, and the minimum velocity occurred where the trees were planted. In addition, the 270 • direction had more vortexes that were smaller than with north wind scenarios, and exerted more reversed airflows (Figure 4b ). Table 3 . Results of configuration 1 showing velocity contours and streamlines around blocks at 1.5 m height (m/s), average wind pressure on facades, P av. , (Pa), and pressure differences across each flat, dP, (Pa).
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By analyzing the results of different wind directions, it was found that the highest absolute values of wind pressure difference all occurred in Building 2. In the case of the 360° wind direction, Table 5 shows the contours of velocity and streamline distributions at the pedestrian level, the average wind pressure on facades, and the wind pressure difference across flats in configuration 3. The results of the leeward and windward aspects in the 360 • wind direction were the same for those when the wind direction was 270
An analysis of streamline distributions indicated that airflow penetrated the central space between windward buildings and converged near the long facade of Building 2. The area between Buildings 4 and 2 with trees created wind deflection, resulting in obvious reversed flow and small vortexes (Figure 6a,b) . The resulting wind pressure difference ranged from −0.68 to 1.51 Pa of Building 1. The special tendency for Building 2 is that airflow travels from indoors to outdoors at the lower height and oppositely at the upper height. There is a sharp velocity increase in the top of Buildings 3 and 4, and the two blocks have the same tendency for having a higher absolute value of pressure difference, with values of 3.71 Pa and 2.72 Pa, respectively. Table 5 . Results of configuration 3 showing velocity contours and streamlines around blocks at 1.5 m height (m/s), average wind pressure on facades, P av. , (Pa), and pressure differences across each flat, dP, (Pa). Table 5 shows the contours of velocity and streamline distributions at the pedestrian level, the average wind pressure on facades, and the wind pressure difference across flats in configuration 3. The results of the leeward and windward aspects in the 360° wind direction were the same for those when the wind direction was 270°. Buildings 3, 4, 1, and 2 in the case of the 360° wind were equivalent to Buildings 1, 3, 2, and 4 at the 270° wind direction. Thus, it is only necessary to analyze the contours of velocities and dP across each flat for the 360° wind direction.
An analysis of streamline distributions indicated that airflow penetrated the central space between windward buildings and converged near the long facade of Building 2. The area between Buildings 4 and 2 with trees created wind deflection, resulting in obvious reversed flow and small vortexes (Figure 6a,b) . The resulting wind pressure difference ranged from −0.68 to 1.51 Pa of Building 1. The special tendency for Building 2 is that airflow travels from indoors to outdoors at the lower height and oppositely at the upper height. There is a sharp velocity increase in the top of Buildings 3 and 4, and the two blocks have the same tendency for having a higher absolute value of pressure difference, with values of 3.71 Pa and 2.72 Pa, respectively. (a) ( b) Figure 6 . Velocity contours and streamlines presented at vertical sections of configuration 3 when the wind angle was 360° (a), and 270° (b), respectively.
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The absolute wind pressure differences were always near 0 Pa in the area surrounding Building 1, due to the wind-shading effect. Therefore, the flats in Building 1 had poor natural ventilation potential, and people may feel uncomfortable in interior space in this scenario. Flat c of Building 2 and Flat b of Building 3 both had slight improvements compared with other flats. In general, configuration 4 produced the poorest ventilation potential; as a result, it is the worst layout for airflow transportation. Table 6 . Results of configuration 4 showing velocity contours and streamlines around blocks at 1.5 m height (m/s), average wind pressure on facades, P av. , (Pa), and pressure differences across each flat, dP, (Pa).
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The absolute wind pressure differences were always near 0 Pa in the area surrounding Building 1, due to the wind-shading effect. Therefore, the flats in Building 1 had poor natural ventilation potential, and people may feel uncomfortable in interior space in this scenario. Flat c of Building 2 and Flat b of Building 3 both had slight improvements compared with other flats. In general, configuration 4 produced the poorest ventilation potential; as a result, it is the worst layout for airflow transportation. Table 7 depicts the PM 2.5 concentrations around blocks at 1.5 m height, the average vertical PM 2.5 concentrations, and the indoor concentration across each flat for configuration 1. At a 360 • wind direction, long building facades, except the windward facade of leeward buildings, remained the lowest PM 2.5 within tree crown height. The leeward facades of Buildings 1 and 2 had low particle concentrations on both lateral sides. On the leeward facades of buildings, particles were significantly affected by trees, and the deposition effect continued to the tops of buildings; however, its influence appeared only near the tree crown for windward building facades (Figure 8a Table 7 depicts the PM2.5 concentrations around blocks at 1.5 m height, the average vertical PM2.5 concentrations, and the indoor concentration across each flat for configuration 1. At a 360° wind direction, long building facades, except the windward facade of leeward buildings, remained the lowest PM2.5 within tree crown height. The leeward facades of Buildings 1 and 2 had low particle concentrations on both lateral sides. On the leeward facades of buildings, particles were significantly affected by trees, and the deposition effect continued to the tops of buildings; however, its influence appeared only near the tree crown for windward building facades (Figure 8a ). In the case of a 270° wind direction, the concentration distributions of lower layer for leeward facades of Buildings 1 and 3 were uniform. Thus, Buildings 1 and 2 need analysis. The leeward facades of Building 2 had lower concentrations when Z < 3 m, and the concentrations declined when 135 m < X < 140 m. The leeward facade of Building 1 had a lower concentration within the tree crown, and the deposition effects of trees on particulate matters reached to Z = 6 m (Figure 8b) .
With a 360° wind direction, the PM2.5 distributions around Buildings 1 and 3 were symmetrical to Buildings 2 and 4. Therefore, the indoor concentrations of Buildings 1 and 3 need to be analyzed. The concentrations of the leeward building (Building 1) were significantly lower than that of the windward building (Building 3), with a difference of 59.6 μg/m 3 . In Building 1, the PM2. 4 (a) (b) Table 8 depicts PM 2.5 concentrations around blocks at 1.5 m height, the average vertical PM 2.5 concentrations, and the indoor concentration across each flat for configuration 2. In the case of a 360 • wind direction, the concentrations of the leeward façade of Building 1 were lower than that of other facades, and showed significant decreases within the tree crown. The concentration distributions of the vertical facades of Building 3 were similar to those of Building 1. Meanwhile, the concentrations of windward and leeward facades of Building 2 were the lowest within the height of the tree crown. The indoor particle concentrations of Buildings 1 and 3 were lower than Buildings 2 and 4. Flats b and c had lower concentrations compared with Flats a and d for Building 1, and the lowest concentrations appeared at the height within tree crown height (from 2 m to 5 m). For Building 2, the PM 2.5 had no obvious change, and the indoor average values ranged from 64.3 to 69.8 µg/m 3 . In Building 3, the concentrations of Flats b and c varied in the same way, and the influence of the surrounding trees continued to the top of the buildings. In Building 4, the concentrations of Flats b and c were similar from the bottom to the top of the building (Figure 9a ). Table 8 depicts PM2.5 concentrations around blocks at 1.5 m height, the average vertical PM2.5 concentrations, and the indoor concentration across each flat for configuration 2. In the case of a 360° wind direction, the concentrations of the leeward façade of Building 1 were lower than that of other facades, and showed significant decreases within the tree crown. The concentration distributions of the vertical facades of Building 3 were similar to those of Building 1. Meanwhile, the concentrations of windward and leeward facades of Building 2 were the lowest within the height of the tree crown. Table 9 depicts PM2.5 concentrations around blocks at 1.5 m height, the average vertical PM2.5 concentrations, and the indoor concentration across each flat for configuration 3. The building layout in configuration 3 is centrally symmetrical; hence, only the indoor and outdoor particle concentrations distribution at 360° wind needs to be analyzed. The concentrations of the leeward facade of Building 1 were significantly lower than the other facades, and reached their lowest values within the tree canopy. The low concentrations of the long facades of Buildings 3 and 4 also occurred within the tree canopy, while the concentrations of the long facades of Building 2 increased with the building height ( Figure 10 ). An analysis of indoor PM2. Table 9 depicts PM 2.5 concentrations around blocks at 1.5 m height, the average vertical PM 2.5 concentrations, and the indoor concentration across each flat for configuration 3. The building layout in configuration 3 is centrally symmetrical; hence, only the indoor and outdoor particle concentrations distribution at 360 • wind needs to be analyzed. The concentrations of the leeward facade of Building 1 were significantly lower than the other facades, and reached their lowest values within the tree canopy. The low concentrations of the long facades of Buildings 3 and 4 also occurred within the tree canopy, while the concentrations of the long facades of Building 2 increased with the building height ( Figure 10 ). An analysis of indoor PM 2.5 concentrations, and the indoor concentration across each flat for configuration 3. The building layout in configuration 3 is centrally symmetrical; hence, only the indoor and outdoor particle concentrations distribution at 360° wind needs to be analyzed. The concentrations of the leeward facade of Building 1 were significantly lower than the other facades, and reached their lowest values within the tree canopy. The low concentrations of the long facades of Buildings 3 and 4 also occurred within the tree canopy, while the concentrations of the long facades of Building 2 increased with the building height ( Figure 10 ). An analysis of indoor PM2. Table 10 shows PM2.5 concentrations around blocks at 1.5 m height, the average vertical concentration, and the indoor concentrations across Flats a to d in configuration 4. This layout is also centrally symmetrical. In the scenario with an angle of 360°, the concentrations of leeward facade of Building 1 were lower within the tree crown, and the deposition effects reached to 15 m on both lateral sides of the building facades. These deposition effects on the windward facade of Building 2 reached to 12 m (the fourth storey). The concentrations of the leeward facade of Building 2 also obtained their minimum values within the tree canopy. Buildings 2 and 3 were symmetrical for all four flats. The concentrations of the leeward facade of Building 4 gradually increased from the middle to the top of the building (Figure 11 ). An analysis of indoor PM2. The above-mentioned discussion aimed at exploring the resulting ventilation potential and outdoor and indoor PM 2.5 concentrations of each configuration. However, the question of which configuration can give the best ventilation potential, which can provide the lowest indoor PM 2.5 concentrations, and the relationship between wind pressure difference and indoor PM 2.5 concentrations remain outstanding. Thus, further assessments of each scenario considering the actual architectural and tree planting design were conducted. A general assessment can be given by summing up the pressure difference values and indoor PM 2.5 across the sixteen flats of each configuration. Since positive or negative pressure differences only indicate the flow direction, pressure differences should be converted to their absolute values when summed. four flats. The concentrations of the leeward facade of Building 4 gradually increased from the middle to the top of the building (Figure 11 ). An analysis of indoor PM2. 5 The above-mentioned discussion aimed at exploring the resulting ventilation potential and outdoor and indoor PM2.5 concentrations of each configuration. However, the question of which configuration can give the best ventilation potential, which can provide the lowest indoor PM2.5 concentrations, and the relationship between wind pressure difference and indoor PM2.5 concentrations remain outstanding. Thus, further assessments of each scenario considering the actual architectural and tree planting design were conducted. A general assessment can be given by summing up the pressure difference values and indoor PM2.5 across the sixteen flats of each configuration. Since positive or negative pressure differences only indicate the flow direction, pressure differences should be converted to their absolute values when summed. Figure 12 depicts the total absolute values for pressure differences and interior PM2.5 concentrations with the wind directions of 360° and 270°. The high pressure difference in configuration 2 with a 270° wind direction results in the best ventilation potential. The poorest ventilation potential is found in configuration 4, in two wind directions with similar wind pressure differences because of the wind-shading effect. This scenario showed 7.51 Pa and 2.70 Pa, respectively, which means a difference of 178% (Figure 12a ).Configuration 1 had the lowest indoor PM2.5 with the wind angle of 360°, and highest concentration with a 270° wind direction (Figure 12b ). The overall values were similar among the other three configurations at different wind angles. A scatter plot of indoor PM2.5 concentration versus wind pressure difference had an R 2 of 0.059 for PM2.5 (Figure 12c ). (Figure 12b ). The overall values were similar among the other three configurations at different wind angles. A scatter plot of indoor PM 2.5 concentration versus wind pressure difference had an R 2 of 0.059 for PM 2.5 (Figure 12c) .
Configuration 2
Configuration 3
The results of this study suggest that wind pressure difference has little effect on indoor PM 2.5 concentration. This is similar to the results concluded by Chithra and Shiva Nagendra [30] . It differs, however, from the simulation study using a CONTAMW simulation, as our study shows the lower floors of a multi-storey building having lower PM 2.5 compared with the upper floors. The CONTAMW simulation drew the opposite conclusion [68] . However, this was only because our study considered the aerodynamic and deposition effects of trees on particles dispersion, and airflow fields among building complexes is different from single office buildings.
concentrations with the wind directions of 360° and 270°. The high pressure difference in configuration 2 with a 270° wind direction results in the best ventilation potential. The poorest ventilation potential is found in configuration 4, in two wind directions with similar wind pressure differences because of the wind-shading effect. This scenario showed 7.51 Pa and 2.70 Pa, respectively, which means a difference of 178% (Figure 12a) .Configuration 1 had the lowest indoor PM2.5 with the wind angle of 360°, and highest concentration with a 270° wind direction (Figure 12b ). The overall values were similar among the other three configurations at different wind angles. A scatter plot of indoor PM2.5 concentration versus wind pressure difference had an R 2 of 0.059 for PM2.5 ( Figure 12c ). Our study found that lower floors are subject to less PM 2.5 than upper floors, because we assume that the pollution source was introduced through the inlet from a representative, dispersed upstream source. Based on regional statistics [45] , the predominant source of PM 2.5 pollution in Beijing in 2015 was derived from atmospheric transmission, which accounted for 38.6% of all sources (e.g., traffic, industry, and burning). Thus, this study added the pollution source through the inlet. However, in many urban environments, the pollution source is at street level in the vicinity of the buildings. An indepth study should be carried out to consider this alternative scenario.
This research qualitatively and quantitatively assessed the airflow field and indoor/outdoor relationships for PM 2.5 within partly wind-driven natural ventilation in four typical building-tree configurations. Our study had some limitations that should be addressed. First, the airflow and particle dispersion simulation was only conducted for some building-tree patterns, and trees around the buildings were simulated as evergreen trees and planted aligned to the road. Additionally, weather parameters that were only typical during November to December in 2015 were used in this simulation study. Thus, more building and tree arrangements in serious climate conditions should be considered. Second, field experiments measuring the pressure difference and particle transportation indoor and outdoor in multi-storey buildings are needed in subsequent study to verify our conclusions. Third, particles are regarded as a continuum, and particle movements are assumed to not affect turbulence. The convective velocity of the particle phase is assumed to be the same as the airflow in this study. However, wind flow in the real environments is transient, and even a steady wind condition gives transient vortex shedding in wind-tunnel/field experiments under certain configurations [69] . These transient flows are important, both for pollutant mixing and building ventilation. Thus, an experimental validation of the models is still needed. Fourth, the findings of this study are only valid for wind-driven ventilation. There may be other mechanisms that are important under thermally-driven conditions, i.e., solar heat, anthropogenic heat, heat absorption/emission of building masses, etc. More complicated scenarios, such as non-isothermal cases with solar radiation, and convective heat transfer inside buildings and tree clusters, would add to our findings. Finally, this study assumed that the pollution sources were diluted by wind transportation, and the indoor generation of particles was not considered. This is because the objective of this research was to explore the effects of building-tree patterns on indoor particle concentrations generated outdoors. In the real built environment, indoor air pollution is affected not only by outdoor pollution, but also by indoor originated particles. A comprehensive analysis linking various factors of I/O ratio, particle penetration, and infiltration, and indoor generated could contribute to a thorough understanding of actual indoor/outdoor particles dispersion in multi-storey buildings with different building-tree arrangements.
Conclusions
In this study, the effects of four typical building-tree configurations on the pedestrian-level wind environment, the wind pressure on building facades, and the indoor/outdoor relationships for PM 2.5 due to partly wind-driven natural ventilation were studied by the standard k-ε model and the revised generalized drift flux model. The results clearly indicated that airflow and indoor/outdoor PM 2.5 dispersion strongly depended on the relationships of building layouts, tree arrangements, and orientation towards the prevailing wind. The following conclusions can be drawn from the simulated results: (1) Building and tree configurations can provide natural ventilation potentials relying on wind influence, and buildings that experience wind deflection on their windward facade and airflow separation on the leeward side have better ventilation potential; (2) Patterns with buildings and trees forming a central space and an opening side towards the prevailing wind could offer the best ventilation conditions, that is to say, configuration 2 with the prevailing wind direction of 270 • can offer the best ventilation potential, and a great difference of 178% existed when comparing it with the poorest configuration; (3) Under the conditions of the particle sources introduced to the interior through the inlet, the aerodynamics and deposition effects of trees allowed the lower floors of a multi-storey building to be exposed to lower PM 2.5 compared with the upper storeys. As well, lower indoor PM 2.5 were found close to the tree canopy, leading to a significant reduction on PM 2.5 with the height of tree canopy; (4) Wind pressure differences across each flat showed poor correlation (R 2 = 0.059) with indoor PM 2.5 . This is because pressure change usually causes global pollutant dispersion changes, rather than producing effects on microscopic pollutants dispersion [70] ; and (5) Configurations with long building facades and trees perpendicular to prevailing wind had the lowest indoor PM 2.5 . The highest PM 2.5 was observed in configuration 1 with a 270 • wind direction, while the lowest was also observed in configuration 1, with a wind angle of 360 • . This emphasized the importance of prevailing wind in the transportation of pollution.
